Development of Distributed generations (DGs) has changed the nature of power networks from passive to active. In order to specify a proper model for DG units, function and connection style of DGs to the network (direct or indirect) must be clarified. In this paper, operation of DGs in an unbalanced condition (due to unbalanced loads) will be studied. A threephase power flow model is used to confirm the certainty of the proposed model. Generally DG modelling, depend on its type and controlling circuit, is like either PV or PQ bus. In this paper a three-phase unbalanced power flow model using Newton-Raphson method over a 4 buses power system is implemented. Based on the type of bus (PV or PQ), Simulation results show that the DGs can improve voltage profile (NEME and IEEE unbalance factor) and reduce network losses.
Introduction
Increasing in energy consumption and expansion of nonlinear and sensitive loads (like drive systems, heavy single phase loads), continuous variation in network power consumption and unpredicted change in load lead to unbalance in power systems. In most of developed countries evolution of power generation and transmission industry eliminates all technical, academic and commercial requirements. Since operators of power system realized the need of different energy sources, the distributed generation was formed. Distributed generation concept includes small power plants with a capacity between 15 kilowatts to 25 megawatts to supply nearby consumers e.g. small power plants like wind, solar, fuel cells and etc.
Nowadays using distributed generation due to its many advantages like balancing power flow, balancing steady state condition, backup P and Q, reduction of investing in the transmission system, easy installation and startup, from consumers and power companies' point of view is unavoidable. Development of Distributed generations (DGs) has changed the nature of power networks from an active to a reactive one. A distribution company market, which is operated by Distribution System Operator (DSO) is proposed, and Effects of unbalance in power systems has been studied in [1] , [2] . In [3] , [4] , [5] , [6] , [7] , [8] , [9] , models of generators, transformers, lines and capacitors are presented to study three-phase power flow. Many studies normally focus on finding procedures to introduce DGs as PV and PQ buses in power flow calculations [10] , [11] , [12] , [13] , [14] , [15] , [16] , [17] . To indicate a proper model for each DG, function and its connecting style to networks (direct or indirect) different kinds of DG like synchronous and inductive has been studied in [18] . In [19] loads models are presented. To show DG effects in power systems, it is necessary to update most of analyzing tools that used by power system engineers. Probabilistic computer calculations and usual power flow solution to analyze steady state of the network are commonly used. Trustful power flow solution in power networks due to its real and applied nature is challenging. Too many calculating methods have been suggested for this subject, from which the Newton-Raphson method with its converging specification is known as the best method. Also it is a popular method in the industry [19] . In [20] , [21] , [22] , about operation management of DGs power sources connected to distribution networks worked.
As the goal of this paper is the study of DG's impact on voltage profile and power system losses in an unbalanced condition, so despite the DG's type all of DGs' are modeled as PV or PQ and their location is selected randomly based on trial and error method. DG's impact on three-phase power flow in an unbalanced condition based on the NEMA and IEEE indexes are presented.
2.
Voltage Unbalance
The Definitions of Unbalance
Increase of the nonlinear consumers that are switched by power electronic elements is one of the main reasons for unbalancing. On the other hand, these consumers have taken part in power market sensitive to the unbalance. These factors double the importance of unbalancing phenomenon and emphasize on its control. The definitions of voltage unbalance are stated below:
The difference between the highest and the lowest rms voltage referred to the average of the three-phase voltages.
2) Second Definition IEEE Std. 112-1991
The maximum deviation from the average phase voltage, referred to the average of the phase voltage.
3) Third Definition NEMA [1] , [2] The definition of voltage unbalance, also known as the line voltage unbalance rate (LVUR), is given by: 
The true definition of voltage unbalance is defined as the ratio of negative sequence voltage component to the positive sequence voltage component. The percentage voltage unbalance factor (%VUF), or the true definition, is given by:
Methods of Unbalance Reduction
• Equally distributing single phase loads between all phases.
• Reducing unbalance caused by impedance of the system.
• Using single phase regulators.
• Using passive and active compensators. Wind turbines are divided to constant and variable/ floating speed. In the first group rotor of an inductive squirrel cage generator is rotated through a gearbox and the generator is directly connected to the power network, but in the second group a synchronic generator or a reference model is used. Output of these units is converted to the proper AC power by means of rectifiers and power electronic inverters for the network.
DG Model for Power Flow Study

2) Fuel Cells
Fuel cells directly transform potential energy stored in the fuel to heat and electric energy without any electrical interface machine. Then Produced DC power is converted to AC power adapted to the network using an inverter.
3) Photovoltaic Systems
In photovoltaic systems solar energy is converted to DC current, then like fuel cells their DC output is converted to AC power that is adaptive with the network using an inverter.
4) Internal Combustion Engines
In an internal combustion engine the expansion of the high-temperature and high-pressure gases produced by combustion apply direct force to some component of the engine. The force is applied typically to pistons, turbine blades, or a nozzle. This force moves the component over a distance, transforming chemical energy into useful mechanical energy. Internal combustion engine driven generators are commonly used to produce electricity.
5) Gas Turbines
These units convert chemical energy stored in fossil fuels into heat and to mechanical energy finally synchronous or inductive generator that is directly connected to the network is rotated.
6) Microturbine
These units operate the same way as gaseous turbines. The only difference is that a permanent magnet instead of rotating synchronous generator is rotated. So the generator is connected to the network via power electronic interfaces.
Concerning the points above, primary produced energy by DGs (generated by either of synchronous or asynchronous electric machines that are directly or indirectly connected to the network) would be injected to the network, using a combination of electric machines electronic interfaces or only the electronic interfaces may be involved.
DG Model and Its Control Circuit Interface Characteristic
DGs model and converter control circuit characteristic are categorized as follow:
1) Induction Generator Model
Generally, in an induction generator both active and reactive powers are functions of slip.
where P and Q active and reactive power respectively, S is the slip of induction generator speed, and V is the bus voltage. Assuming P to be constant and neglecting the very low dependency of reactive power to the slip, the Eq. (3) can be expressed as follows:
The expressed model by Eq. (4), which is called SVCM, is an appropriate model of squirrel cage induction generator for power flow studies.
Since the bus voltages are near 1.0 pu in steady-state cases, squirrel cage induction generator can be modeled as a PQ bus for simplicity.
2) Synchronous Generator Model
Depending on the excitation system, synchronous generators are divided into two categories:
• (a) with adjustable excitation voltage,
The first case can be divided into two separate groups:
• (a1) voltage control mode or constant terminal voltage,
• (a2) power factor control mode or constant power factor.
DGs in subgroup (a1) and (a2) are modeled with PV and PQ buses respectively.
3)
Power Electronic Interface:
Power generated by photovoltaic, fuel cells, microturbines, and some wind farms are injected to network through power electronic converters. In this case power flow depends on controlling scheme that is used in converter control circuit. As a general rule, if the converter control circuit is designed to control P and V independently, the DG model shall be as a PV bus and when it is designed to control P and Q independently, the DG model shall be considered as a PQ bus.
Incorporating DG Units in Power Flow Algorithm
The DG units, which are modeled as PQ nodes can be treated as negative PQ loads in power flow studies without any problem. However, handling PV nodes in power flow studies requires some additional processes.
It should be noted that the generator terminal voltage is typically controlled by the specification of positive sequence component. So for a PV node, the three-phase active power output and positive sequence voltage of the generator are specified.
Three-Phase Power Flow
Start point for developing node power equations that is suitable for solving three-phase power flow using Newton-Raphson method, describes the relation between injected current to a bus and its voltage. See transmission circuit shown in Fig. 1 .
Power Flow Equations
Equations for injected active and reactive power to three-phase buses k and m is obtained from following complex power equations: Following some complicated algebraic operations, Equations to express injected active and reactive power to phases a, b, c of bus k is acquired by:
where ρ represents phases a, b, c.
As predicted phrases that are applied to calculate injected active and reactive power to bus m are like Eq. (6) and Eq. (7) with the difference that m replaces k and vice versa:
Newton-Raphson Power Flow Algorithm
Solving three-phase node power equations using Newton-Raphson method presents good certainty in converging.
Power Eq. (6) and Eq. (9) are linearized around a reference working point. In three phases application power difference and state variables are 3 × 1 vectors and each of them are independent terms of 3 × 3 Jacobean matrixes. Acquired linear equations that are suitable for solving iterative solution are as below:
where L = k, m and j = k, m and I is the number of iteration.
Vector statement is supposes like the below one:
Jacobean array comprises:
It should be noted that linear Eq. (10) is only applied to one three-phase transmission line between m and k buses. However, the result can simply be generalized to a more practical one than includes nl transmission lines between nb buses l and j where l = 1, . . . , k, m, . . . n b − 1 and j = 1, . . . k, m, . . . n b − 1, Also when slack bus is not stated in linear equations, there will be only n b − 1 buses. It is supposed that element number l in Eq. (10) is connected between k and m buses. Self and mutual Jacobean statement are simply calculated as below, where ρ1 = ρ2 are used for phases a, b, c respectively.
For k = m and ρ1 = ρ2:
∂P ρ1
For k = m:
Iterative power flow solution using Newton-Raphson method needs observation of points applied for positive sequence solutions i.e. specify primary value to the state variable and checking required reactive power for the generator. In three-phase application voltages a, b, c primary phase angles are valued 0, −2π/3 and 2π/3 respectively.
5.
Three-phase Power Flow Computer Simulation Results of a 4 Buses IEEE Distribution Network IEEE 4 buses distribution network includes an infinite bus, load, a transformer and two lines that its single line diagram is illustrated in Fig. 2 and its data is collected in [20] . In the next section, outputs resulted from Newton-Raphson method for three-phase power flow in an unbalanced condition with and without DG are presented. As the goal of this paper is the study of DG's impact on voltage profile and power system losses in an unbalanced condition, so despite the DG's type all of DGs' are modeled as PV or PQ and their location is selected randomly based on trial and error method. 
Three-phase Power Flow Without DG
To evaluate the certainty of the computer program and algorithm, results of some of three-phase power flow with different transformer connections are added and are compared with results of reference [9] as shown in Tab. 1.
Tab. 1: Comparison between three-phase power flow and reference network. Table 1 represent voltage magnitude and phase angle in buses of distribution network. For example in bus four; voltage amplitude and phase angle of phase a are 1919.4 volts and −9.19 • , these values have been recorded 1918 volts with −9.1 • in reference [9] ; comparison between these two validate suggested algorithm. Voltage profile and network losses will be studied. In Fig. 3 voltages magnitudes are shown, and it is observed that bus four has the worst condition from phase's voltage profile point of view. In Tab. 2, four buses simulation results without DG are shown. By observing Tab. 2, it can be seen that NEMA and IEEE unbalance factor in bus 4 has the 
Three-phase Power Flow with PQ Model of DG
If DG is modeled like PQ and installed in bus 3 with the value of 0.3 + j0.4 pu for each phase, implementing three-phase power flow will lead to results shown in Fig. 5 for bus voltage amplitude in phases A, B, C. In compare to previous scheme phases voltage unbalance specially in bus four has been reduced and voltage profile has been improved in the entire network. Figure 6 shows phases A, B, C active power losses in lines 1-2, transformer and lines 3-4 as well as total active and reactive network losses which are 0.24673 and 0.60588 respectively. In Tab. 3, four buses simulation results with the PQ model of DG are shown. By observing Tab. 4, it can be seen that NEMA and IEEE unbalance factors in all buses are improved; that means voltage unbalance in the worst case is 0.079875 and 0.052495 respectively. These are better factors in compared to without DG condition.
Three-phase Power Flow in Presence of PV Model of DG
If DG is modeled like PV, installed in bus 3 and its active power for each phase and voltage amplitude set to 0.3 pu and 1 pu respectively a better improvement will be observed in voltage profile in compare to that for the PQ model. Buses voltage amplitude in phases A, B, C is plotted in Fig. 7 . In Tab. 4, four buses simulation results with PV model of DG are shown. By observing Tab. 5, it can be seen that NEMA and IEEE unbalance factors in all buses are improved; that means voltage unbalance in the worst case is 0.050001 and 0.0444418 respectively. These factors in comparison to the case without DG are better. Table 5 shows minimum and maximum voltage amplitude, total active and reactive power losses and NEMA and IEEE unbalance factor in different conditions with and without DG. These results showed that in the presence of DGs, losses and voltage unbalance are reduced. 
Conclusion
A useful list of DG models with their method of connection to the network (direct or indirect) for power flow studies is considered in this paper. DG's model for power flow studies selected based on initial energy of DG unit that is injected to the network through an electrical machine(which is directly connected to the network). Also, DGs are connected to the network through a power electronic interface, or through combination of the electric machine beside power electronic interface.
With the suggested newton-Raphson three-phase power flow algorithm it is possible to study DGs in PV and PQ models and good divergence of this algorithm makes it to be the most successful method accepted in the industry. DGs reduce network losses and improve voltage profile. 
